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Abstract The Sierras Pampeanas in central and north-
western Argentina constitute a distinct morphotectonic
feature between 27S and 33S. The last stage of uplift and
deformation in this area are interpreted to be closely related
to the Andean flat-slab subduction of the Nazca plate
beneath the South American plate. K–Ar fault gouge dating
and low-temperature thermochronology along two tran-
sects within the Sierra de Comechingones reveal a mini-
mum age for the onset of brittle deformation about 340 Ma,
very low exhumation rates since Late Paleozoic time, as
well as a total exhumation of about 2.3 km since the Late
Cretaceous. New Ar–Ar ages (7.54–1.91 Ma) of volcanic
rocks from the San Luis volcanic belt support the eastward
propagation of the flat-slab magmatic front, confirming the
onset of flat-slab related deformation in this region at
11.2 Ma. Although low-temperature thermochronology
does not clearly constrain the signal of the Andean uplift, it
is understood that the current structural relief related to the
Comechingones range has been achieved after the exhu-
mation of both fault walls (circa 80–70 Ma).
Keywords Sierras Pampeanas  K–Ar dating  Fault
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Introduction
The Sierras Pampeanas in central and north-western
Argentina represent an area of N–S trending mountain
ranges showing elevations of up to 5,550 m that are divi-
ded by intermountain basins (Fig. 1; Gonza´lez Bonorino
1950; Caminos 1979; Jordan and Allmendinger 1986;
Ramos et al. 2002; among others). Mainly consisting of
Late Pre-Cambrian to Early Paleozoic basement rocks, i.e.
igneous and metamorphic rocks (e.g. Gonza´lez Bonorino
1950; Caminos 1979; Gordillo and Lencinas 1979), these
mountain ranges comprise twelve main tectonic blocks
(Jordan and Allmendinger 1986), which represent distinct
morphotectonic features above the shallowing Nazca plate
within the area of 27S–33S east of the Precordillera (e.g.
Jordan et al. 1983; Jordan and Allmendinger 1986; Ramos
et al. 2002 and many others). The uplift and type of
deformation of the Sierras Pampeanas is interpreted to
be closely related to the flat-slab subduction of the Nazca
plate beneath the South American plate since the Miocene
and after the collision of the Juan Ferna´ndez Ridge
(e.g. Jordan et al. 1983; Yan˜ez et al. 2001; Ramos et al.
2002).
Two main morphotectonic features stand out at most of
these faulted blocks: a topographic asymmetry, with a steep
western slope and a gentle eastern slope where preserved
remains of erosion surfaces stand out. Such paleolandsur-
faces have traditionally been envisaged as a continuous and
essentially synchronous surface, exhumed and disrupted
during the Andean orogeny (Gonza´lez Dı´az 1981; Criado
Roque et al. 1981). However, Jordan et al. (1989) sug-
gested that these erosion surfaces are diachronic in age at a
regional scale. Later, Carignano et al. (1999) postulated
that many paleosurfaces scarps and slope breaks result
from juxtaposition of diachronous surfaces (ranging from
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Late Paleozoic to Paleogene ages), rather than being a
consequence of the Andean tectonism.
Current uncertainties about the ages and evolutionary
paths of these currently exposed erosion surfaces preclude
a suitable analysis of core issues regarding the tectonic
evolution of the Sierras Pampeanas (i.e. the structural relief
related to the Andean orogeny).
In order to investigate the Neogene uplift and exhuma-
tion (as defined by England and Molnar 1990) history of
the Sierras Pampeanas, low temperature thermochrono-
logic dating methods, e.g. apatite fission track and (U-Th)/
He dating, can provide constraints, because these tech-
niques are suitable to constrain time, amounts and rate of
cooling/erosion associated with mountain building, crustal
deformation, extensional tectonics and landscape evolution
(e.g. Gallagher et al. 1998; Farley 2002; Ehlers et al. 2003;
Stockli et al. 2000; Fitzgerald et al. 2006). To contribute to
the knowledge of the exhumation history of the Sierras
Pampeanas as well as an attempt to clarify its relationship
to the Andean flat-slab subduction, we followed three dif-
ferent approaches investigating two different elevation
profiles in the Sierra de Comechingones. We performed (a)
K–Ar dating on illite fine fractions from brittle fault gouges
to examine the brittle deformation history (b) apatite fission
track analysis and (U-Th)/He measurements of zircon and
apatite, to reconstruct the exhumation and uplift history of
the Sierra de Comechingones and to extend the post-
metamorphic cooling path of basement (Steenken et al.
2010) to the low-temperature thermal history, as well as (c)
Ar–Ar dating on volcanic rocks to evaluate the youngest
flat-slab subduction-related magmatism possibly indicating
the eastward migration of the deformation into the foreland
(e.g. Ramos et al. 2002).
Regional setting and geodynamic evolution
The basement complex of the Sierras Pampeanas was
developed by accretion of different allochthonous and
parautochthonous terranes during the Late Proterozoic and
the Early Paleozoic (e.g. Ramos 1988, 2009; Ramos et al.
2002; Steenken et al. 2004; Miller and So¨llner 2005).
Potential sutures indicating the margins of adjacent terr-
anes, e.g. Rı´o del la Plata Craton, Pampia, and Cuyania, are
illustrated by Ramos et al. (2001, 2002).
During the Late Triassic—Early Jurassic and the Early
Cretaceous, the basement was affected by extensional
deformation (e.g. Uliana et al. 1989; Ramos et al. 2002),
whereby the latter period was related to the opening of
the South Atlantic Ocean at these latitudes (Uliana et al.
1989; Rossello and Mozetic 1999). According to Ramos
et al. (2002), master faults related to the rift events were
generated by reactivating the sutures between the different
cratonic terranes. Continental basins, usually with a half-
graben geometry, were developed all over this region,
recording mostly the Early Cretaceous stages of rifting
(Schmidt et al. 1995).
The extensional fault systems were inverted during the
Andean compression caused by subduction of the Nazca
Plate beneath the South American plate in the Cenozoic,
thus controlling the inception and uplift of the basement
blocks forming the Sierras Pampeanas. Accordingly, these
basement uplifts have been recognised as a broken foreland
of the Andean orogeny (Jordan and Allmendinger 1986)
and regarded to be part of the Andean building (Regnier
et al. 1992; Costa et al. 2006). The geometry of these
reverse faults and thrusts is controlled by basement struc-
tures generally resulting in a listric shape and a dominant
dip to the east, which is expressed by the referred mor-
phologic asymmetry of the basement blocks (Fig. 2a, b;
e.g. Gonza´lez Bonorino 1950; Gordillo and Lencinas 1979;
Criado Roque et al. 1981; Gonza´lez Dı´az 1981; Jordan and
Allmendinger 1986; Introcaso et al. 1987; Massabie 1987;
Costa and Vita Finzi 1996; Ramos et al. 2002).
Within Miocene times (18–11 Ma), the Juan Ferna´ndez
ridge is incorporated into the subduction (Fig. 3; e.g.
Yan˜ez et al. 2001; Ramos et al. 2002) resulting in a shal-
lowing of the Nazca Plate subduction angle (Barazangi and
Isacks 1976; Pilger 1981; Jordan and Allmendinger 1986).
This flat-slab subduction (Fig. 4) is set to be indicated by
(a) the depth of the Wadati-Benioff zone (b) a gap of active
arc volcanism between 27S and 33S (c) the uplift and
deformation of Sierras Pampeanas starting at the Late
Miocene-Pliocene transition, and (d) the timing and loca-
tion of magmatic activity within the area of the Sierras
Pampeanas broken foreland (e.g. Barazangi and Isacks
1976; Pardo Casas and Molnar 1987; Smalley and Isacks
1987, 1990; Cahill and Isacks 1992; Ramos et al. 2002; and
references therein).
During the Upper Miocene and the Pliocene the out-
cropping area of magmatic and hydrothermal activity was
shifted eastward to the eastern part of the Sierras Pampe-
anas (Kay et al. 1991). Here, volcanic buildings crop out
along a WNW trending belt between the volcanic field of La
Carolina (Fig. 5) in the west and the Sierra del Morro in
the east, standing out from the erosion surfaces smooth
Fig. 1 Schematic overview of the Sierras Pampeanas with the main
thrusts (modified after Ramos et al. 2002). The mountain ranges are
shown in grey and intermountain basins are white but not named. For
reference, a schematic map of Argentina is shown in the upper left,
where the grey frame marks the area of the Sierras Pampeanas. The
red stars indicate the sample locations (La Carolina volcanic field in
the west and Sierra del Morro in the east) of volcanic rocks taken for
Ar–Ar analysis
c
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landscape. Theses rocks comprise andesites, dacites, latites,
trachytes and hydrothermal altered rocks showing dec-
reasing ages from 11.2 to 6.3 Ma in the west to 1.9 Ma in
the east (Llambı´as and Brogiono 1981; Sruoga et al. 1996;
Urbina et al. 1997; Urbina 2005; Ramos et al. 1991, 2002;
Urbina and Sruoga 2008, 2009; and this study). Further,
these volcanic rocks show a typical subduction signature
(Kay et al. 1991; Kay and Gordillo 1994), thus marking the
easternmost and youngest magmatic manifestation associ-
ated with the shallowing of the Nazca plate in the Andean
Fig. 2 Photographs showing the two extremities of relief within the
Sierras Pampeanas. a The gentle inclined, low relief slope on the
eastern side of the Sierras de San Luis near the village of El Trapiche
(view to the west). b The steep inclined, high relief slope on the
western side of the Sierra de Comechingones near the village of
Merlo (view to the north). The schematic sketch in the lower right
indicates point of view
Fig. 3 Evolutional stages of the Andean system, including the Sierras
Pampeanas, related to the shallowing Nazca plate during the Cenozoic
(modified after Ramos et al. 2002). a Subduction prior to the collision
of the Juan Fernandez Ridge. b Last stage of arc-related magmatism
within the Sierra del Morro prior to the present setting
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flat-slab segment located 650–750 km east of the Peru–
Chile trench (e.g. Ramos et al. 1991; 2002).
The uplift of the south-eastern Sierras Pampeanas, e.g.
Sierra de San Luis, Comechingones, and El Morro, as well
as the termination of the magmatism within the Sierra del
Morro in the Late Pleistocene have been interpreted as the
last stage of the Andean uplift (Costa 1992; Ramos et al.
2002). Subduction-related shortening and deformation in
the Sierras Pampeanas during the Quaternary is mainly
accommodated by the ranges bounding reverse faults
mostly located at the western footslope of the sierras
(Massabie 1976, 1987; Costa 1987, 1992, 1996, 1999;
Kramer et al. 1995; Costa and Vita Finzi 1996; Costa et al.
2001; 2006).
Applied methods
Mineralogy and K–Ar dating of fault gouges
In brittle near-surface faults, rocks are broken and crushed by
tectonic movements. In these localised zones, the increased
surface creates a high chemical reactivity, allowing retro-
grade processes to produce fault gouges composed of
authigenic hydrosilicates such as illite. Thus, formation time
of the authigenic illite in a fault gouge can be correlated with
periods of motion along the fault (e.g. Lyons and Snellenburg
1971; Kralik et al. 1987).
The illite crystallinity (IC) and polytypism are important
indices for determining the grade of thermal evolution and
very low-grade metamorphism grades. The IC values,
which are inversely proportional to the illite crystallinity,
are defined after Ku¨bler (1964) as half-height width of the
10 A˚ XRD peak. The values for the illite crystallinity may
range from 0.06 D2h for ideally ordered muscovite up to 1
D2h for illite/smectite mixed layers (Ku¨bler 1964, 1967,
1968).
Ku¨bler (1967) used boundary values of 0.42 D2h and
0.25 D2h to divide the zones of the very low-grade
metamorphism into, from lower to higher grade, diagenetic
zone (IC [ 0.42 D2h), anchizone (0.42 D2h\ IC [ 0.25
D2h) and epizone (IC \ 0.25 D2h), in which the corre-
sponding temperatures for the two boundaries are around
150C and 300C, respectively.
Fig. 4 Schematic sketch of the
shallowing Nazca Plate
(modified from Kerrich et al.
2000; Urbina 2005). The ages
for Cerro Tomolasta and El
Morro are from this publication.
The ages for the Farallo´n Negro
Volcanic District represent
K–Ar data from Ramos et al.
(1991)
Fig. 5 Photograph showing the Late Miocene volcanic body of the
Cerro Tomolasta in the La Carolina area (view from the Pampa de la
Invernada towards the east). The volcanic edifices build up hills,
dominating the landscape on the otherwise flat eastern hillslope of the
Sierra de San Luis
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Thus, the IC values of authigenic fault gouge illite can
be used to estimate the temperature experienced by the
fault gouge sample. This information helps to interpret the
dating results concerning the thermal evolution.
Polytypism (Bailey et al. 1977; Guinier et al. 1984) is a
common phenomenon for layered silicate minerals such as
mica, chlorite and kaolinite. For illite, the most common
polytypes are the 1 Md, 1M and 2M1 (e.g. Reynolds and
Thomson 1993). With raising temperature, illite shows
irreversible polytype transformation of 1 Md ? 1M ?
2M1 (Hunziker et al. 1986). Generally, illite has 1 Md and
1 M polytypes in a diagenetic zone, a mixture of 1M and
2M1 polytypes in the anchizone and sole 2M1 polytypes in
the epizone (e.g. Bailey 1966; S´rodon´ and Eberl 1984).
We measured a total of six fault gouge samples taken
from the Merlo profile (Fig. 6). Details on the analytical
procedure are given in the appendix.
Apatite fission track and (U-Th)/He thermochronology
The combination of apatite fission track dating (AFT) as
well as (U-Th)/He dating on zircon (ZHe) and apatite
(AHe) allows the reconstruction of low-temperature
exhumation history (e.g. Hurley 1954; Armstrong 1966;
Wagner and van Den Haute 1992; Farley et al. 1996; Wolf
et al. 1996). The thermal sensitivity of the apatite fission
track method referred to as partial annealing zone (PAZ;
Gleadow and Fitzgerald 1987) ranges between 130 and
Fig. 6 Overview of the working area. a Schematic geological map of
the Sierra de Comechingones (modified after Steenken et al. 2010).
The coordinates are given in longitude and latitude. The blue frames
mark both sampled profiles (referred to as Merlo and Yacanto profile
in the text). For reference, a schematic map of Argentina, including
the Sierras Pampeanas, is shown in the lower right. b Digital
elevation model of the working area. The coordinates are given in
UTM coordinates. The white frames define the sampled profiles
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70C (e.g. Donelick et al. 1999; Ketcham et al. 1999).
Regarding the (U-Th)/He method this interval is called
partial retention zone (PRZ; e.g. Baldwin and Lister 1998;
Wolf et al. 1998). The temperature of the PRZ for the (U-
Th)/He system ranges from around 65C to approximately
30C for apatite and from about 185C to 135C for zircon
(e.g. Reiners and Brandon 2006).
A total of eight samples were collected from the Yac-
anto profile (Fig. 6). Three of them were dated by the AFT
and ZHe method. AHe ages were obtained from all sam-
ples. Details on the analytical procedure are given in the
appendix.
Ar–Ar dating of volcanic rocks
Ar–Ar ages in volcanic rocks can be interpreted as the age
of effusion as closing temperatures for different mineral
species are negligible due to rapid cooling (e.g. McDougall
and Harrison 1999). In this study, Ar–Ar dating was per-
formed following standard methods quoted elsewhere (e.g.
Layer et al. 1987).
Hornblende and whole rock samples of three trachy-
andesites from discrete exposures have been dated (Fig. 1).




Eighteen K–Ar ages from fractions of six samples were
obtained from the Merlo profile (Fig. 6) in this study
(Table 1; Fig. 7). The ages range from Early Mississippian
to Early/Middle Jurassic (342–174 Ma).
All samples show an age gap between fractions, ranging
from 1.5 Ma up to 53.3 Ma (Fig. 8). Only the two smallest
fractions of sample APG 82-09 show overlapping ages
within error.
Radiogenic 40Ar content ranges from 81.0 to 99.7%
indicating reliable analytical conditions for all analy-
ses. Potassium contents range from 1.03% (APG 82-09,
\0.2 lm) to 5.88% (APG 85-09, 2–6 lm).
XRD analyses of all samples confirm that illite,
chlorite and kaolinite are the major clay mineral com-
ponents in the various fractions, with minor traces of




















APG 82-09 \0.2 lm 1.03 8.68 89.80 244.0 6.1 0.281c 0.244d 1Md [ 2M1 [ 1 M
\2 lm 1.69 14.04 84.69 240.9 6.3 0.282c 0.275c 1Md [ 2M1 [ 1 M
2–6 lm 4.90 43.71 91.79 257.3 5.6 0.180d 0.211d 2M1 C 1Md [ 1M
APG 85-09 \0.2 lm 2.33 18.84 89.63 234.8 5.0 0.491b 0.373c 1Md [ 2M1 [ 1 M
\2 lm 3.32 30.62 95.52 265.5 5.7 0.296c 0.272c 1Md [ 2M1 [ 1 M
2–6 lm 5.88 57.14 94.81 278.6 5.9 0.161d 0.164d 2M1 [ 1Md [ 1M
APG 89-09 \0.2 lm 1.44 8.68 87.39 177.9 4.5 0.428b 0.377c 1Md [ 2M1 [ 1 M
\2 lm 2.58 19.73 96.69 222.7 7.0 0.273c 0.234d 1Md [ 2M1 [ 1 M
2–6 lm 5.37 48.27 98.17 259.2 5.5 0.163d 0.155d 2M1 [ 1Md [ 1M
APG 90-09 \0.2 lm 1.62 9.54 81.01 174.0 4.9 0.530b 0.332c 1Md [ 2M1 [ 1 M
\2 lm 2.33 17.41 91.56 218.0 6.1 0.400c 0.313c 1Md [ 2M1 [ 1 M
2–6 lm 3.61 33.65 97.03 268.1 5.7 0.171d 0.173d 2M1 [ 1Md [ 1M
APG 91-09 \0.2 lm 2.11 17.05 93.43 234.6 6.7 0.390c 0.358c 1Md [ 2M1 [ 1 M
\2 lm 3.39 35.67 97.11 299.9 6.4 0.272c 0.266c 2M1 [ 1Md [ 1M
2–6 lm 4.17 48.81 98.55 330.7 7.1 0.187d 0.179d 2M1  1Md [ 1M
APG 92-09 \0.2 lm 2.21 18.62 95.07 244.0 5.7 0.441b 0.331c 1Md [ 2M1 [ 1 M
\2 lm 3.57 38.97 98.65 310.2 7.2 0.260c 0.247d 2M1 [ 1Md [ 1M
2–6 lm 3.81 46.21 98.44 341.6 7.9 0.168d 0.170d 2M1  1Md [ 1M
STP standard pressure and temperature conditions, [ more,  much more
a Radiogenic, b diagenetic, c anchizonal, d epizonal
Int J Earth Sci (Geol Rundsch) (2011) 100:671–694 677
123
quartz in almost all sample fractions. Minor traces of
potassium-feldspar might be present in the 2–6 lm
fractions but none is found in the \0.2 lm and \2 lm
fractions. Glycolated XRD analyses were carried out to
investigate the potential occurrence of expandable mixed
layers of illite and smectite. Major amounts of illite/
smectite were found in the \0.2 lm fraction and minor
amounts also in the \2 lm fractions. No illite/smectite
Fig. 7 Pictures of a brittle fault zone with a broad cataclastic zone
and an approximately 8 cm wide fault gouge (sample APG 90-09) on
the western slope of the Sierra de Comechingones, east of the village
of Merlo (car in top right picture for scale, in lower picture blue
compass on right side for scale)
Fig. 8 K–Ar ages with error
bars (2r) of all analysed grain-
size fractions and samples
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mixed layers were observed in the 2–6 lm fractions
(Table 2).
The illite crystallinity (IC) of all analysed samples
varies from 0.155 D2h to 0.530 D2h (Table 1). The IC
values from the air-dried \0.2 lm fractions indicate that
all but one developed under diagenetic conditions, whereas
the fractions of \2 lm and 2–6 lm yield anchi- to epi-
metamorphic values. Variations in the D2h between the
glycolated and the air-dry measurements correspond to
the presence of illite/smectite mixed layers (Table 2). No
systematic variation with respect to the sample location is
observed.
The analysed illite fractions are composed mainly of the
1Md and 2M1 polytypes and only subordinate 1 M illite.
The 1Md polytype is dominant in the \0.2 lm fractions
throughout all analysed samples. In the\2 lm fraction, the
1Md is also the dominant polytype, except samples APG
91-09 and APG 92-09 showing the 2M1 polytype as
dominant. The 2–6 lm fractions are mostly made up by
2M1 illite. The content of different polytypes correlates
with obtained IC values (Table 2).
Zircon (U-Th)/He ages
The zircon samples yield (U-Th)/He ages between
276.8 ± 6.4 Ma (Early Triassic) and 141.5 ± 3.4 Ma
(Early Cretaceous) showing a positive correlation with
elevation (Fig. 9). The weighted means of the four samples
vary from 263.6 Ma to 198.9 Ma (Table 3).
Apatite fission track ages
The three analysed samples show apparent apatite fission
track ages that range between the Early Jurassic and the
Early Cretaceous (Table 4). Although less constrained than
in the (U-Th)/He ages, which is due to less analysed sam-
ples, a distinct positive correlation of age with increasing
altitude is obvious between the samples APM 14-08 and
APM 09-08 along the investigated elevation profile (Fig. 9).
The apparent age of the topographic lower sample APM 14-
08 is 143.7 ± 13.6 Ma, whereas APM 09-08 (on the top of
the range) shows an age of 169.7 ± 14.4 Ma. However, an
exception of this trend depicts APM 15-08. This sample
is located at 831 m a.s.l. and has an apparent age of
196.1 ± 17.8 Ma (Table 4).
Regarding the fission track length, all three samples are
characterised by distinct shortened tracks. The mean track
length varies between 12.13 and 12.5 lm with s.d. of
±1.34–1.75 lm (Table 4). Further, the track length distri-
bution of APM 15-08 and APM 14-08 is unimodal dis-
tributed (Fig. 9). In contrast, APM 09-08 is characterised
by a bimodal track length distribution (Fig. 9). The mean
Dpar values (etch pit diameter) for the three samples range
between 1.64 and 1.75 lm (Table 4).
Table 2 Results of X-ray diffraction analyses from the sample material fractions
Sample no. Grain-size fraction Mineralogy
Illite Chlorite Kaolinite Smectite Quartz K-feldspar
APG 82-09 \0.2 lm ? ? o/- - o -
\2 lm ? ? o/- ? - -
2–6 lm ? ? o/- o - -
APG 85-09 \0.2 lm ? - ? ? o -
\2 lm ? o ? o o -
2–6 lm ? - o - ? o/-
APG 89-09 \0.2 lm o ? o ?? - -
\2 lm ? ? ? o o -
2–6 lm ? ? ? - o o/-
APG 90-09 \0.2 lm ? - ? ? - -
\2 lm ? o ? o o -
2–6 lm o o ? - ? o/-
APG 91-09 \0.2 lm ? ? - ? - -
\2 lm ? ? ? o o -
2–6 lm ? ? ? - ? o/-
APG 92-09 \0.2 lm o ? o ? - -
\2 lm ? ? o/- o - -
2–6 lm ? ?? o - ? o/-
?? = dominant, ? = abundant, o = less abundant, o/- = unclear, possibly traces, - none
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Apatite (U-Th)/He ages
Apatite (U-Th)/He weighted mean ages vary from 57 Ma
(APM 14-08) at the foothill to 108 Ma (APM 09-08) on the
top of the profile showing a distinct positive correlation of
age with increasing altitude (Fig. 9 and Table 3). The
obtained ages of APM 11-08 and APM 12-08 are similar
lying at around 75 Ma. In contrast, sample APM 10-08 is
significantly older than APM 11-08.
Exceptions of the positive age with elevation correlation
are represented by APM 13-08 and APM 15-08 (Fig. 9).
These two samples show ages of 108.3 Ma and 113.3 Ma,
respectively. The (U-Th)/He ages of every apatite sample
are younger or overlap within their 1r error with its cor-
responding AFT-age in this profile (Table 3 and 4).
Ar–Ar dating
Three trachyandesitic rock samples from discrete outcrops
have been investigated (Fig. 1).
The sample APM 6-09 was taken from trachyandesitic
lava in a near top position (approx. 1,950 m altitude) on
the eastern side of Cerro Tomolasta. The rock displays a
porphyritic texture and is build up by plagioclase, sanidine
and amphibole phenocrysts in a fine-grained, dark grey
groundmass of plagioclase, K-feldspar and amphibole.
With 20–30 vol.% and up to 3 cm size, subhedral sanidine
phenocrysts are the volumetrically dominant phase. The
sample APM 7-09 represents a volcanic bomb, taken from
a small outcrop within volcaniclastic layers on the south-
eastern slope of El Morro. The sample CT3 (Table 5)
represents a trachyandesitic lava, taken from the slope of
Cerro Tala, directly east of the Sierra de Morro, approx.
2.5 km south of the village La Esquina. This sample shows
sanidine phenocrysts up to 5 mm (10–20 vol.%) as well as
microcrysts of plagioclase, hornblende and pyroxene in
a pale grey groundmass of feldspar, amphibole and
pyroxene.
All samples show whole rock and hornblende spectra
with well-defined flat plateaus (Fig. 10). The whole rock
ages exhibit better constrained plateau ages due to smaller
errors of their individual degassing steps (Table 5, shown
in bold, Fig. 10). The obtained ages range from
7.54 ± 0.04 Ma for the Cerro Tomolasta (APM 6-09 WR)
to 1.91 ± 0.02 Ma for the Cerro Tala (CT3 Hbl., Fig. 4).
Discussion
Constraints on regional cooling and fault activity by K–
Ar dating
The high-temperature ([300C) cooling history of the
basement rocks of the Sierra de Comechingones was
determined by K–Ar ages taken from biotite, muscovite
and hornblende mineral separates from the hanging wall
and footwall blocks of Guacha Corral shear zone, as well
as from the shear zone itself (Steenken et al. 2010). The
Fig. 9 Sampled elevation profile near Yacanto based on a satellite
image from Google Earth proTM (2010), which is vertically exagger-
ated by a factor of 1.25. The yellow triangles mark the sample
locations and the sample number is indicated by the white font. Also
inserted are the apatite (U-Th)/He ages (yellow font), the zircon
(U-Th)/He ages (red and underline font), and the apparent apatite
fission track ages with their associated track length distribution is
shown by the diagrams (also contain the sample number). The white,
dashed line indicates the morphology along the profile




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Int J Earth Sci (Geol Rundsch) (2011) 100:671–694 681
123
post-Pampean cooling of the basement of the Sierra de
Comechingones took place in the Cambrian to Early
Ordovician, as recorded by the K–Ar ages of pegmatitic
hornblendes and muscovite booklets (513 Ma and 498 to
474 Ma, respectively). Based on the closure temperature
for the K–Ar system between 500 and 430C (for non-
recrystallised, coarse-grained muscovite booklets; e.g.
Kirschner et al. 1996; Villa 1998), these ages allow the
estimation of a cooling rate of approximately 9C/Ma after
the Pampean granulite facies metamorphism (780–725C,
6–5.5 kbar; Guereschi and Martino 2008). With a hypo-
thetical geothermal gradient of 35C/km, a maximum
exhumation rate of about 0.1 mm/a can be estimated
(Steenken et al. 2010). Middle to Late Silurian K–Ar bio-
tite ages (426–420 Ma) document the cooling of the Sierra
de Comechingones basement to approximately 300C (e.g.
Purdy and Ja¨ger 1976) and the final transition from ductile
to brittle deformation regime—between 290 and 300C due
to the onset of brittle behaviour of quartz below this tem-
perature (e.g. van Daalen et al. 1999; Passchier and Trouw
2005 and references therein).
K–Ar data may also provide valuable information on
fault activities by dating authigenic illites taken from
fault gouges. In any case, the correlation of geological
events and K–Ar ages from authigenic illite separates
requires a careful consideration of the fundamental
assumptions of the K–Ar-illite method (e.g. Clauer and
Chaudhuri 1998).
One of the most important assumptions involved in the
interpretation of K–Ar dating is a closed system behaviour,
thus no gain or loss of either 40K or 40Ar after the formation
of the illite. A lost of Ar might be possible due to thermal
diffusion effects or exchange reactions with hydrothermal
fluids (e.g. Villa 1998). The importance of the effective
diffusion radius on the closure temperature for the Ar
system has been demonstrated throughout a large number
of publications (e.g. Dahl 1996; Villa 1998; Hodges 2003).
These publications are focused on white micas with grain
sizes [200 lm. In case of illite fine fractions, available
information is sparse. Hunziker et al. (1986) reported a
closure temperature interval for the mica fractions \2 lm
of 260 ± 30C, whereas Wemmer and Ahrendt (1997)
found indication that fine-grained white micas (sericite
\2 lm) did not behave as open systems, even at temper-
atures of 275C. Therefore, the closure temperature of fine-
grained mica has to be estimated somewhere between 275
and 350C (Wemmer and Ahrendt 1997). Furthermore,
errors in the acquisition of accurate K–Ar ages can arise
from contamination by other K-bearing phases. Potassium-
feldspar for example can, even being very much older,
rejuvenate the age due to its low closure temperature of
about 150C (e.g. Fitz-Gerald and Harrison 1993). The
major problem, which must be considered, is the possible
mixture of illite formed by different events at different
times. For authigenic, neocrystallised illite, the finest illite
fraction should represent the most recently grown illite.
Coarser grain-size fraction should yield older ages repre-
senting earlier illite forming events (e.g. Clauer et al.
1997).
In this study, we used the different illite polytypes to
decipher different illite forming events, thus the time span
of the deformation history. In low-grade sedimentary rocks,
the 2M1 illite polytype is considered as detrital component,
due to its restriction to epizonal conditions. The 1 Md and
1M polytypes are considered as authigenic products formed
under diagenetic to anchimetamorphic, prograde conditions
during subsequent burial (e.g. Grathoff and Moore 1996).
In contrast to sedimentary environment, the illite investi-
gated in this study originates from fault gouges developed
from granitoid host rocks under retrograde conditions.
Thus, the development of 2M1 illite polytypes in a brittle
fault gouge is possible due to subsequent cooling of the
host rock and its passage through epizonal conditions,
which are more or less equivalent with the ductile–brittle




















APM 09-08 (migmatite) 3203.2520 2682 25 20.83 2670 14.994 1922 7.66 7368 42 169.7 14.4 12.5 1.75 58 1.72
06456.1570
APM 14-08 (migmatite) 3203.0070 1447 25 16.84 1279 14.404 1094 7.6 7368 2 143.7 13.6 12.3 1.34 50 1.75
06458.1220
APM 15-08 (granite) 3202.8180 831 25 17.22 1612 11.016 1031 7.83 7368 10 196.1 17.8 12.13 1.67 61 1.64
06501.7610
n number of dated apatite crystals, qs/qi spontaneous/induced track densities (910
5 tracks cm-2), Ns/Ni number of counted spontaneous/induced
tracks, Nd number of tracks counted on dosimeter, P(V
2) probability obtaining chi-squared value (V2) for n degree of freedom (where n is the
number of crystals—1); age ± 1r is central age ± 1 standard error (Galbraith and Laslett 1993); ages were calculated using zeta calibration
method (Hurford and Green 1983); glass dosimeter CN-5, and zeta value of 323.16 ± 25.31 a cm-2; MTL mean track length, SD standard
deviation of track length distribution, N number of tracks measured, Dpar etch pit diameter
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transition. Therefore, the 2M1 polytype should record the
onset of brittle deformation.
Contamination of mineral fine fractions (\2 lm,\0.2 lm)
by cataclastically crushed muscovite of the host rock is very
unlikely because of the very strong mechanical resistance of
this mineral. Muscovite flakes would rather rotate parallel to
the faulting plane than being grinded to extremely small
particles (e.g. Wemmer 1991). If so, they could be identified
by their excellent crystallinity (ca. 0.060 D2h).
Following the above stated assumptions, we interpret all
illite to be neoformed, i.e. to be fault gouge related. Thus, the
wide age span of the dated sample fractions documents a long
lasting fault activity from 341 Ma to 174 Ma, whereby the
relationship of increasing K–Ar ages with increasing grain
size (Table 1; Fig. 8) is consistent with increasing content of
older 2M1 illite. Still, larger grain-size fractions have to be
considered as mixtures of illites formed at different times and
thus to be younger than the oldest illite forming event.
This interpretation is constrained by K–Ar ages from
pegmatitic large-grained host-rock muscovites in the Merlo
profile showing ages from 487 Ma to 431 Ma (Steenken
et al. in review), thus they are significantly older than all
obtained K–Ar illite ages, even from fractions with high
2M1 polytype content (Table 1).
The six analysed fault gouge samples show three dif-
ferent age groups, depending on their location along the
sampled profile (Fig. 8). The samples from the footslope of
the Sierra de Comechingones (samples 91-09 and 92-09)
show the oldest ages of all analysed samples. Neglecting a
possible potassium contamination of the 2–6 lm fractions
(Table 2), these samples are interpreted to document the
onset of brittle deformation in this region. The onset of
deformation under epizonal conditions is supported by the
highest amount of 2M1 illite polytype in all analysed
samples (see Table 1). Thus, the oldest age of the 2–6 lm
fraction of around 340 Ma (Fig. 8, APG 92-09) has to be
considered as minimum age for the onset of brittle defor-
mation in this region. This result is similar to a K–Ar
muscovite age of 335 Ma from a fault scarp in the Sierras
de Co´rdoba (Los Gigantes) obtained by Jordan et al.
(1989). Additionally, this interpretation is supported by the
mentioned K–Ar biotite ages from the Sierra de Come-
chingones, documenting the cooling below the ductile–
brittle transition at Middle to Late Silurian times (K–Ar
biotite ages, 426–420 Ma, Steenken et al. 2010). Defor-
mation along the sampled faults in the footslope area
ceased around 240 Ma, but brittle deformation continued
along other faults, e.g. APG 82-09 to APG 90-09 (Fig. 8).
The samples taken from the uppermost hillslope area
(APG 82-09 and 85-09) show a narrower age span between
fractions than the other samples, indicating a shorter period
of activity along these faults. We interpret the comparatively
small age span of sample APG 82-09 to represent a major
short-lived deformation event between 260 and 240 Ma
without any further reactivation of this fault. The samples
APG 89-09 and 90-09 derived from the middle slope area
show the youngest ages of all samples. Activity along these
faults is interpreted to have started at similar times than the
Fig. 10 Ar–Ar age spectra from analysed trachyandesites showing
whole rock (WR) and hornblende ages. A sample is considered to
have a plateau if it has 3 or more contiguous fractions constituting at
least 50% 39Ar release and is significant at the 95% confidence level
(as indicated by an Mean Square Weighted Deviates;
MSWD \*2.5). A sample is considered to form an isochron if it
has 3 or more contiguous fractions that form a linear array that is
significant at the 95% confidence level (MSWD \*2.5)
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deformation on the uppermost hillslope area (around
260 Ma). The \2 lm fractions yield ages of 223 and
210 Ma. As these fractions include the younger \0.2 lm
fractions the onset of brittle deformation around 260 Ma
is likely, matching the ages obtained from the 2–6 lm
fraction. This gives evidence to a major Permo-Triassic
(240–260 Ma) deformation event, which might be related to
an earlier flat-slab subduction episode with subsequent
compression at these latitudes during the Early-Middle
Permian as proposed by Ramos and Folguera (2009). This
event might also be related to the Permian deformed rocks of
the Bajo de Velis (e.g. Costa et al. 1998; Azcuy et al. 1999).
The \0.2 lm fraction documents a further reactivation
around 175 Ma in the Middle Jurassic. This reactivation
could be related to rifting processes in the region of the
Sierras Pampeanas generated during the earliest stage of
opening of the Southern Atlantic Ocean. These rifting
processes are also documented by basaltic rocks at the
Sierra de Las Quijadas (westernmost San Luis province),
with K–Ar ages ranging from 164 to 107 Ma (Gonza´lez
1971; Gonza´lez and Toselli 1973; Yrigoyen 1975),
10–20 Ma younger than the youngest K–Ar age of 174 Ma
(APG 90-09, \0.2 lm fraction). The latter age is also
interpreted to represent the last illite forming deformation
event in this region, while brittle faulting may have con-
tinued below illite forming temperatures. These tempera-
tures are estimated to be approximately 75–110C (e.g.
Hamilton et al. 1992). Cooling below the illite forming
temperature is constrained by apatite fission track and
apatite (U-Th)/He ages from the Yacanto profile (Table 3).
In fact, the youngest illites must overlap with the apatite
fission track ages (cooling below 130–60C), whereas the
apatite (U-Th)/He ages (60–40C) always must be younger.
This can be observed for all analysed samples. Non-defor-
mational illite formation by fluid percolation cannot be
excluded but is unlikely due to consistency of the data set.
Implications of low thermochronology
and Ar–Ar dating
Thermal modelling
Based on the apatite fission track ages and the length dis-
tribution as well as on the (U-Th)/He ages of zircon and
apatite, thermal modelling on two samples was performed
following the approach of Ketcham (2005) using HeFTy, a
computer program, which comprises tools to obtain more
information from thermochronometric data through for-
ward and inverse modelling.
These samples were chosen due to their position on the
top (APM 9-08) and at the base (APM 15-08) of the vertical
profile, containing the longest thermal memory of all sam-
ples and information of the youngest PRZ passage event,
respectively. Two constraints were set to the thermal mod-
elling: (1) the beginning of the time–temperature path was
constrained by the zircon (U-Th)/He data and (2) the end of
the time–temperature paths was set to 17C, according to
annual mean temperatures in the study area (Mu¨ller 1996).
Both modelled samples show slow cooling until 210 Ma
(APM 15-08) and 180 Ma (APM 09-08) (Fig. 11). Cooling
rates are between 4C/Ma and 1.5C/Ma during this time,
followed by a time of more or less constant temperature
conditions, lasting for about 80 Ma. This behaviour is also
confirmed by the length distribution of the apatite fission
tracks (Fig. 9), indicating a slow to moderate cooling
through the PAZ. Final cooling below the effective (U-Th)/
He closure temperature of apatite started around 90 Ma for
APM 09-08 showing a cooling rate of 1.75C/Ma reaching
near surface conditions at around 80 Ma. Additionally,
modelling revealed a possible burial event between 130 and
90 Ma, which might be related to the Early Cretaceous
rifting event mentioned earlier. In contrast to sample APM
09-08, the onset of final cooling for APM 15-08 is far less
Fig. 11 Apatite fission track and (U-Th)/He thermal history model-
ling results using HeFTy (Ketcham 2005); light grey paths: accept-
able fit, dark grey: good fit, black line: best fit. Also given are cooling
rates considering the best fit path. a for sample APM 09-08. b for
sample APM 15-08
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constrained. Cooling below 60C probably started around
120 Ma with an average cooling rate of less than 0.5C/Ma.
However, these cooling rates are just a rough approximation
concerning the possible range of good fitting time–tem-
perature paths (Fig. 11), but are similar to cooling rates
obtained by Jordan et al. (1989) based on fission track data
from one single sample nearby the area regarded in this
study.
A positive age-elevation trend, constrained by the used
low-temperature geochronometers, usually allows a direct
estimation of long-term exhumation rates, assuming that
the closure isotherm of the employed systems remained flat
and stationary during cooling (Stu¨we et al. 1994). How-
ever, our samples are not from a pure vertical profile but
show considerably horizontal distances between samples
wherefore we abstained from calculating denudation rates.
AFT and AHe ages
Many apatite grains show (U-Th)/He ages around
70–80 Ma (Table 3) indicating cessation of the thermo-
chronological record within the Yacanto profile implying
that our samples left the PRZ at that time (Fig. 12; e.g.
Fitzgerald 2002; Fitzgerald et al. 1999, 2006). Thus, no
cooling history younger than Late Cretaceous is recorded
by the used methods. The apparent Early Cretaceous ages
of APM 13-08—APM 15-08 are too old and can be
explained by (a) APM 13-08 is probably related to a
rockslide evidenced in aerial photographs (b) a single grain
age of APM 15-08 is contaminated by He-bearing inclu-
sions. Excluding this single grain age, a weighted mean age
of 85 Ma is calculated still being older than sample APM
14-08. This discrepancy in the age-elevation trend is due to
thrusting sample APM 14-08 above APM 15-08 (Fig. 13).
This is also supported by the apatite fission track ages
of these samples, indicating that APM 15-08 passed the
partial annealing zone earlier than APM 14-08 (Fig. 9;
Table 4). In contrast, the relatively decreased apatite
(U-Th)/He age of APM 14-08 compared to the samples
APM 11-08 and APM 12-08 is probably related to the
small radius of crystal four which shows an age of around
40 Ma (Table 3). Rejecting this grain due to its size results
in a mean age of nearly 70 Ma, confirming the mentioned
time when the investigated samples left the PRZ (Fig. 12).
A geothermal gradient of approximately 26C/km as
suggested by Sobel and Strecker (2003) for the Northern
Sierras Pampeanas was used to characterise the depth of
the PRZ. Using this gradient, the upper thermal boundary
of the PRZ is located in 2,300 m depth. Thus, the final
exhumation, including the younger Andean deformation, is
constrained to a maximum of 2,300 m since the passage of
analysed samples through the PRZ at around 80–70 Ma.
Due to the difference in elevation of approximately
1,850 m between sample APM 15-08 and APM 09-08
within the vertical profile, the amount of eroded thickness
particularly at the hillslopes can be constrained to not
exceed 450 m since 80 Ma. Otherwise, the apatite (U-Th)/
He ages from the footslope area of the profile would yield
younger ages. This information is used to calculate a very
rough approximation of the erosion rate, affecting the
top area of the profile, yielding a value of B6.4 m/Ma
(0.006 mm/a). This does not contradict with the structural
Fig. 12 Elevation of the
samples plotted against their
AHe age showing a cluster at
around 80 Ma indicating that
they passed the PRZ at that time
(e.g. Fitzgerald 2002; Fitzgerald
et al. 1999, 2006). Arrows
indicate shifting of the age after
recalculating (further details are
explained in the text). The grey
area indicates an error in age of
approximately 10 Ma. APM 13-
08 is probably affected by a
landslide
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evolution model usually accepted for the Sierras Pampe-
anas (Criado Roque et al. 1981; Jordan and Allmendinger
1986; Costa 1992; Ramos et al. 2002; among others) but
places rough constraints on the maximum possible uplift
during the Andean orogeny (Fig. 13).
Low-temperature exhumation model
The exhumation history for the period before 80 Ma is less
constrained due to the lack of zircon fission track data. Two
scenarios can be discussed based on the obtained low-
temperature data. First, the exhumation of our samples
above the 60C isotherm is induced by erosion com-
mencing during the Early Cretaceous (Fig. 13). This sug-
gests that the area of the Sierra de Comechingones was
already characterised by a positive relief, a relatively stable
setting, whereby the morphologic height acted as sedi-
mentary source (Fig. 13a). The cooling path of APM 9-08
(Fig. 11a) shows a cooling rate of less than 0.2C/Ma
between 180 and 100 Ma, comparable to data described by
Fig. 13 Uplift history of the
Sierra de Comechingones
implied by low-temperature
geochronology. a Before 80 Ma,
the area probably was
characterised by a slightly
elevated relief, hence acting as
sedimentary source for adjacent
basins to the east and northeast.
Whether sedimentation also
occurred to the west is arguable.
Assuming a geothermal gradient
of about 26C/km, the PRZ of
the (U-Th)/He system was
located at 2300 m depth. All
investigated samples lay within
this PRZ before 80 Ma, whereby
APM 15-08 was located at a
higher crustal level than APM
14-08. b Currently, all
investigated samples are at the
surface and the PRZ is located
at 2300 m depth assuming the
same geothermal gradient. Due
to passing the PRZ at around
80 Ma, indicated by the upper
boundary of the paleo PRZ, the
investigated samples could be
uplifted by a maximum of
2300 m since the Late
Cretaceous. The difference in
altitude between APM 15-08
and APM 09-08 is 1850 m,
representing the minimum
amount of uplift. The maximum
uplift of 2300 m is constrained
by the depth of the paleo PRZ
and a dip of 3 of the eastern
slope. Also concerning
erosional processes, the real
uplift is in between these values
since 80 Ma. Thrusting to the
west along the main boundary
fault located between APM 15-
08 and APM 14-08 post 80 Ma
resulted in the sample altitudes
observed today
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Jordan et al. (1989). Also, Carignano et al. (1999) postu-
lated that the area of the Sierras Pampeanas was charac-
terised by geomorphological positive elements showing
evidence of erosional cycles forming several planation
surfaces during the Jurassic and the Cretaceous. The related
sediment flux was deposited in Cretaceous intracratonic rift
basins (i.e. Sierra Chica Basin and General Levalle Basin)
connected to the opening of the South Atlantic Ocean
(Uliana et al. 1989; Schmidt et al. 1995; Webster et al.
2004). The sedimentary record represented by thick basal
conglomerates in the General Levalle Basin or by two thick
megasequences in the Sierra Chica Basin of up to 650 m.
K–Ar ages of lava flows found in the basin deposits vary
between 151 ± 10 Ma and 114 ± 5 Ma (Gordillo and
Lencinas 1967; Stipanicic and Linares 1975).
The second scenario is characterised by a burial event
between 130 and 90 Ma as indicated by thermal modelling
and bimodal track length distribution of sample APM 09-08
(Figs. 11a and 9). The time–temperature path from thermal
modelling indicates a maximum burial of approximately
2 km (Fig. 11a, dashed line). However, further data are
needed to constrain this possible burial event.
Ar–Ar data on the age of volcanic activity
The Ar–Ar ages presented in this study strongly support
and constrain the older K–Ar ages presented above
(Table 5). Older K–Ar geochronological data as well as
new Ar–Ar WR and mineral ages show that the volcanic
rocks of the San Luis and Sierra de Morro area formed
during a volcanic episode occurring between 11.2 and
1.9 Ma. The ages become progressively younger from the
west to the east (Table 5). The volcanic activity of the belt
began in the sectors of Can˜ada Honda and La Carolina
between 11.2 and 8.2 Ma and expanded to the entire belt
between 6.4 and 6.3 Ma (Ramos et al. 1991; Sruoga et al.
1996; Urbina and Sruoga 2008, 2009). The magmatic
activity in the La Carolina region ceased around 6.3 Ma,
whereas it lasted until 2.6 Ma in the Cerros del Rosario and
the easternmost sector of El Morro and Cerro Tala. The
westernmost sector of the Sierra del Morro shows activity
until 1.9 Ma recording the youngest volcanic activity in the
entire Sierras Pampeanas (Ramos et al. 1991; this study).
Conclusions
(1) K–Ar dating on illite fine fractions from fault gouges
shows a long lasting brittle deformation history. The
minimum age for the onset of brittle deformation is
constrained to lay around 340 Ma. This is consistent
with the 426–420 Ma K–Ar biotite ages from
basement rocks (Steenken et al. 2010), which deter-
mine the brittle–ductile transition temperature.
(2) There is strong indication for a major Permo-Triassic
(260–240 Ma) deformation event as indicated from
several K–Ar illite fine fraction ages of all analysed
fault gouge samples.
(3) The last illite forming event dated around 174 Ma,
indicating cooling below the minimum formation
temperature of illite.
(4) Assuming a geothermal gradient of 26C/km, the
thermochronological data constrain the total exhumation
of the Sierra de Comechingones to a maximum of about
2.3 km since the passage of the analysed samples through
the PRZ during the Late Cretaceous (80–70 Ma).
(5) Thermal modelling yields very low cooling rates,
ranging from 4C/km to \0.2C/Ma.
(6) Regarding denudation processes, our thermochrono-
logical data indicate relatively stable conditions since
at least 80 Ma. This fact agrees with the remarkable
preservation of paleolandsurfaces at the eastern slope
of the Comechingones uplifted block.
(7) The propagation of flat-slab subduction as expressed
by volcanic activity is reconfirmed by new Ar–Ar
data on amphiboles and whole rock, yielding ages
from 7.54 to 1.92 Ma.
(8) Considering the present day difference in altitude
between top and base of the Sierra de Comechingones
(1,850 m), as well as the depth to the AHe paleo PRZ
at 80 Ma, the amount of maximum eroded thickness
from the top region of the Sierras can be constrained
to a maximum of 450 m ever since, although more
probably is close to zero.
(9) The new thermochronological data do not clearly
illuminate the uplift of the Pampean ranges during the
Neogene, but give indication that the Post-Cretaceous
uplift related to the Comechingones fault at the study
section is between 1850 m and 2300 m. However,
several uncertainties related to the dynamic evolution
of this structure might bias such estimation.
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Appendix
Sample treatment and data acquisition (analytical
techniques)
Each sampled fault gouge consists of approximately
250–1,000 g of fresh material. After careful selection,
about 200 g of clay material was dispersed in distilled
water and sieved \63 lm. The grain-size fractions \2 lm
and 2–6 lm are gained from \63 lm fraction by differ-
ential settling in distilled water (Atterberg method fol-
lowing Stoke’s law). Enrichment of the grain-size fraction
\0.2 lm was accelerated by ultra-centrifugation. For
details the reader is referred to Wemmer (1991). Following
the concentration of the different grain-size fractions, the
samples were subjected to isotope measurements for dating
and X-ray diffraction for determining the mineralogy, IC
and PT.
The XRD analysis was done using a Phillips PW 1800
X-ray diffractometer. For the identification of the mineral
content a step scan (0.0202h) was performed in the range
from 4 to 702h. This was important to verify the existence
of illite and to rule out the occurrence of any other potas-
sium-bearing minerals. The mineral composition of all
samples is shown in Table 2.
For the determination of the IC ‘‘thin’’ texture com-
pounds according to Weber (1972) were prepared using 1.5
to 2.5 mg/cm2 sample material. The metamorphic grade of
the samples has been inferred from the peak width at half-
height of the 10 A˚ peak (Ku¨bler 1967) using a software
algorithm developed at the University of Go¨ttingen by
Friedrich (1991), rewritten to FORTRAN by K. Ullmeyer
(Geomar, Kiel) in 2005 (pers. com. K. Wemmer).
Digital measurement was carried out by a step scan with
301 points in a range of 7–102h, using a scan step of
0.012h and an integration time of 4 s per step and a
receiving slit of 0.1 mm as well as an automatic divergence
slit. The presence of mixed layer clays that may obliterate
the 10 A˚ peak has been tested by duplicate determination
of the material under air-dry and glycolated conditions.
Results of the IC determination are shown in Table 3.
To determine the polytypism of illite, powder com-
pounds were prepared and scanned in 561 steps in a range
of 16–442h, using a scan step of 0.052h and an integra-
tion time of 30 s per step. The allocation of peaks to
the corresponding polytypes was done as suggested by
Grathoff and Moore (1996) and Grathoff et al. (1998). The
randomness of orientation for the powder sample prepa-
ration was checked using the Dollase factor (Dollase 1986).
We tried to quantify the amount of different polytypes by
several methods as described by Reynolds (1963); Maxwell
and Hower (1967); Caille`re et al. (1982); Grathoff and
Moore (1996) and Grathoff et al. (1998), but due to bad
peak shapes none of the used methods yield reasonable
data. For this reason the general abundance of the poly-
types was estimated as suggested by Grathoff and Moore
(1996). The abundance of different polytypes in the ana-
lysed samples is sown in Table 3.
Potassium and argon were determined following two
different procedures. The argon isotopic composition was
measured in a Pyrex glass extraction and purification
vacuum line serviced with an on line 38Ar spike pipette and
coupled to a VG 1200 C noble gas mass spectrometer
operating in static mode. Samples were pre-heated under
vacuum at 120C for 24 h to reduce the amount of atmo-
spheric argon adsorbed onto the mineral surfaces during
sample preparation. Argon was extracted from the mineral
fractions by fusing samples using a low blank resistance
furnace within the Pyrex glass extraction and purification
line.
The amount of radiogenic 40Ar was determined by iso-
tope dilution method using a highly enriched 38Ar spike
(Schumacher 1975), which was calibrated against the
biotite standard HD-B1 (Fuhrmann et al. 1987; Hess and
Lippolt 1994). The released gases were subjected to a two-
stage purification procedure via Ti-getters and SORB-ACs
getters. Blanks for the extraction line and mass spectrom-
eter were systematically determined and the mass dis-
crimination factor was monitored by airshots. The overall
error of the argon analysis is below 1.00%. Potassium was
determined in duplicate by flame photometry using an
Eppendorf Elex 63/61. The samples were dissolved in a
mixture of HF and HNO3. CsCl and LiCl were added as an
ionisation buffer and internal standard, respectively. The
pooled error of duplicate Potassium determination on
samples and standards is better than 1%.
The K–Ar age were calculated based on the 40K abun-
dance and decay constants recommended by the IUGS
quoted in Steiger and Ja¨ger (1977). The analytical error for
the K–Ar age calculations is given at a 95% confidence
level (2r). Analytical results are presented in Table 3.
Details of argon and potassium analyses for the laboratory
in Go¨ttingen are given in Wemmer (1991).
AFT analytical techniques
Following standard density and magnetic mineral separa-
tion techniques, the apatite samples (Table 4) were
mounted on a glass slide with epoxy. According to Done-
lick et al. (1999) the mounts were etched at 21C for 20 s
using 5.50 M nitric acid after grinding and polishing pro-
cedures in order to reveal spontaneous tracks within the
apatite crystals. The external detector method described by
Gleadow (1981) was used, whereby low-uranium musco-
vite sheets (Goodfellow mica) represent the external
detector for induced tracks. For age determination, the zeta
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calibration approach was adopted (Hurford and Green
1983) and 25 good-quality grains per sample were ran-
domly selected and dated. The fission track ages were
calculated using the software TRACKKEY version 4.2
(Dunkl 2002). Further, for all samples that had been dated
ten Dpar measurements per grain were averaged to evalu-
ate possible populations of different apatite compositions.
Additionally, for track length analysis around 50–60 hori-
zontal confined tracks of each sample were measured
considering their angle to c-axis (Donelick et al. 1999).
(U-Th)/He analytical technique
For this work 2–4 apatite single crystals aliquots from
seven samples (Table 3) as well as three zircon single
crystals aliquots from four samples were carefully hand-
picked using a binocular and petrologic microscopes. Only
inclusion and fissure-free grains showing a well defined
external morphology were used, whereas euhedral crystals
were preferred. The shape parameters of each single crystal
were determined, e.g. length and width, and archived by
digital microphotographs in order to apply the correction of
alpha ejection described by Farley et al. (1996). Subse-
quently, the crystals were wrapped in an approximately
1 9 1 mm sized platinum capsule and analysed following
a two-stage analytical procedure (Reiners and Brandon
2006). This is characterised by (a) measuring the 4He
extraction, and (b) by analysing the 238U, 232Th and Sm
content of the same crystal. During the first step, that was
operated by HeLID automation software through a K8000/
Poirot interface board, the Pt capsules were degassed in
high vacuum by heating with an infrared diode laser. The
extracted gas was purified using a SAES Ti-Zr getter at
450C and the inert noble gases as well as a minor amount
of rest gases were measured by a Hiden triple-filter quad-
rupole mass spectrometer equipped with a positive ion
counting detector. Re-extraction was performed for each
sample to control the quantitative amount of extracted
helium. During the He measurement 240 readings of the
mass spectrometer were recorded for every standard and
sample.
After degassing, the samples were retrieved from the gas
extraction line and spiked with calibrated 230Th und 233U
solutions. Zircon crystals were dissolved in pressurised
Teflon bombs using distilled 48% HF ? 65% HNO3 for
five days at 220C. For apatite 2% HNO3 was used. These
spiked solutions were then analysed by istope dilution
method using a Perkin Elmer Elan DRC II ICP-MS pro-
vided with an APEX micro flow nebuliser.
To process and evaluate the He signal as well as the data
of the ICP-MS measurements the factory-made software of
the mass spectrometer MASsoft and the freeware software
PEPITA, (Dunkl et al. 2008), were used. Regarding the
latter evaluation, 40 to 70 readings of the ICP-MS were
considered and individual outliers of the 233U/238U as well
as 230Th/233Th ratios were tested and rejected according to
the 2r deviation criterion.
Finally, the raw (U-Th)/He ages of zircon and apatite
were form-corrected (Ft correction) following Farley et al.
(1996) and Hourigan et al. (2005). Replicate analyses of
Durango apatite over the period of this study yielded a mean
(U-Th)/He age of 30.4 ± 1.7 Ma, which is in good agree-
ment with the reference (U-Th)/He age of 31.12 ± 1.01 Ma
(McDowell et al. 2005). Replicate analyses of the Fish
Canyon zircon standard yielded a mean (U-Th)/He age of
28.0 ± 1.6 Ma, which is also in good agreement with the
reference Ar–Ar age of 27.9 ± 1.01 Ma (Hurford and
Hammerschmidt 1985) and reference U/Pb-age of
28,479 ± 0.029 Ma (Schmitz and Bowring 2001).
Ar–Ar dating on trachyandesites
Samples were crushed, washed, sieved and hand-picked
for small whole rock chips or minerals suitable for dating.
The monitor mineral TCR-2 with an age of 27.87 Ma
(Lamphere and Dylrymple 2000) was used to monitor
neutron flux and calculate the irradiation parameter, J, for
all samples. The samples and standards were wrapped in
aluminium foil and loaded into aluminium cans of 2.5 cm
diameter and 6 cm height. All samples were irradiated in
position 5c of the uranium-enriched research reactor of
McMaster University in Hamilton, Ontario, Canada for
0.75 megawatt-hours.
Upon their return from the reactor, the whole rock chips
and grains of the monitor mineral were loaded into 2 mm
diameter holes in a copper tray that was then loaded in an
ultra-high vacuum extraction line. The monitors were
fused, and samples heated, using an 8-watt argon-ion laser
following the technique described in York et al. (1981),
Layer et al. (1987) and Layer (2000). Multiple holes were
heated at the same time to improve the signal. Argon
purification was achieved using a liquid nitrogen cold trap
and a SAES Zr-Al getter at 400C for 20 min. The samples
were analysed in a VG-3600 mass spectrometer controlled
by either a Visual Basic operating program written in-
house. The measured argon isotopes were corrected for
system blank and mass discrimination, and for the irradi-
ated samples, calcium, potassium and chlorine interference
reactions, following procedures outlined in McDougall and
Harrison (1999) and using the constants of Steiger and
Ja¨ger (1977). System blanks generally were 2 9 10-16 mol
40Ar and 2 9 10-18 mol 36Ar, which are 5 to 50 times
smaller than fraction volumes. Mass discrimination was
monitored by running both calibrated air shots and a zero-
age glass sample. These measurements were made on a
weekly to monthly basis to check for changes in mass
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discrimination. Two runs of each sample were done, and
the most precise run was chosen for presentation and dis-
cussion. Plateau and isochron analysis was done on all
samples. A sample is considered to have a plateau if it has
3 or more contiguous fractions constituting at least 50%
39Ar release and is significant at the 95% confidence level
(as indicated by an Mean Square Weighted Deviates;
MSWD \*2.5). A sample is considered to form an iso-
chron if it has 3 or more contiguous fractions that form a
linear array that is significant at the 95% confidence level
(MSWD \*2.5). The choice of whether the plateau age
or isochron age was determined by looking at the plots. If
the isochron intercept was, within error, the same as the
atmospheric value (40Ar/36Ar = 295.5) then generally the
plateau age was chosen. A summary of the sample results is
shown in Table 5.
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